Introduction
Neurodevelopmental disorders (NDD) have an incidence of 2-3% of the population and present with a wide clinical spectrum and a high degree of genetic heterogeneity. They can be broadly subdivided into disorders with intellectual disability/developmental delay (ID/DD), autism spectrum disorders (ASD), and neuropsychiatric disorders; although cohort sequencing combined with phenomics is suggesting that these classifications may constitute arms within a larger disease spectrum with many clinical comorbidities and a significant convergence of genetic pathways (Kochinke et al., 2016) . Indeed, the use of exome and whole genome sequencing on large patient cohorts has resulted in the identification of many new causative genes in the past decade for ID/ DD and ASD, further facilitating the identification of genetic networks critical for cognition (de la Torre-Ubieta et al., 2016; Kleefstra et al., 2014; Kochinke et al., 2016; Ropers, 2006; van Bokhoven, 2011) . A recent compilation has indicated that there are approximately 750 genes identified that contribute to intellectual disability upon mutation (Kochinke et al., 2016) . While categorization of these genes has demonstrated an enrichment (~3-fold) in synaptic function, a similar increase was found for genes important for transcription and chromatin regulation (Fahrner and Bjornsson, 2014; Kleefstra et al., 2014) . Other publications indicate that known ASD genes are similarly over-represented with functions in chromatin and transcriptional regulation, particularly ones expressed during the mid-fetal period when neocortical organization and neural circuitry is established (Ben-David and Shifman, 2013; Lasalle, 2013; van Bokhoven, 2011) .
Transcriptional regulation is a complex process whose roots lie at DNA and the proteins that compact and organize it into what we refer to as chromatin. The basic unit of chromatin is a nucleosome composed of 146 base pairs of DNA wrapped around a histone octamer containing histones H2A, H2B, H3 and H4 (Luger et al., 1997) . The dynamic modulation of the chromatin state throughout development regulates growth, differentiation and cell fate decisions, providing the cell-type specificity and diversity found within the brain. This process is accompanied by a transition from the open and accessible chromatin structure of progenitor cells to a more restricted and cell-type specific pattern of gene expression. This regulation is mediated by multiple mechanisms including DNA methylation (Smith and Meissner, 2013) , post-translational histone modifications (Kouzarides, 2007) , histone variant incorporation (Volle and Dalal, 2014) , non-coding RNA mediated pathways (Fatica and Bozzoni, 2014) , and ATP-dependent chromatin remodeling (Clapier et al., 2017) . Moreover, these modifications are regulated by a large repertoire of enzymes, collectively called epigenetic regulators, that incorporate, remove, or recognize and interact with these specific chromatin modifications in order to regulate all nuclear processes (Xu et al., 2017) . Their importance to brain development is recognized by a growing list of mutations associated with many different NDDs that are present in genes encoding these enzymes (reviewed in Fahrner and Bjornsson, 2014; Kleefstra et al., 2014) . In this review, we focus on the role of the ISWI class of ATP-dependent chromatin remodeling proteins in brain development and recent evidence implicating their dysfunction in NDD pathologies.
ATP-dependent chromatin remodeling in forebrain development and disease
The prototypical ATP-dependent chromatin remodeling protein is SWI2/SNF2, which was identified in two independent yeast screens for mutants affecting mating type switching (SWI) and growth on sucrose (SNF), respectively (Neigeborn and Carlson, 1984; Peterson and Herskowitz, 1992) . Molecular characterization determined that SWI2 and SNF2 are encoded by the same gene and that it interacted within a multiprotein complex (now called the SWI/SNF complex) to regulate transcription by nucleosome repositioning using the energy from ATP hydrolysis (Hargreaves and Crabtree, 2011) . The SWI2/SNF2 gene encodes a member of the DEAD/H domain ATPase superfamily and it has two mammalian homologs, BRG1 and BRM. The mammalian proteins also interact with multiple proteins, called BRG1-associated factors (BAFs) that provide additional specificity through targeting and cellspecific expression patterns (Wang et al., 1996) . Moreover, this superfamily can be further subdivided into 4 broad classes based on extended homology within the ATPase domain and the inclusion of additional chromatin interacting domains (Clapier and Cairns, 2009; Clapier et al., 2017; Hota and Bruneau, 2016; Narlikar et al., 2013) . These include the SWI/SNF, ISWI, CHD, and INO80 families, as well as additional orphan members such as ATRX (Clapier et al., 2017) . Similar to other classes of chromatin interacting proteins, members of the DNA-dependent chromatin remodeling family are critical for various aspects of brain development and are mutated in numerous NDDs (see Table 1 ), as indicated in the following examples.
The cerebral cortex is a six-layered laminar structure that develops from a single layer of neuroepithelial cells and a temporally regulated balance between progenitor proliferation and differentiation to produce neurons of each layer, followed by astrocytes and oligodendrocytes (as reviewed in Costa and Muller, 2014) . Mouse inactivation studies have indicated that many chromatin remodeling complexes mediate progenitor proliferation and the transition to differentiation (MuhChyi et al., 2013 ). This was first described for Atrx, where deletion resulted in extensive loss of neural progenitors, small brains and early postnatal death (Berube et al., 2005) . Further work showed that Atrx protein was critical for replication through heterochromatin and that loss of Atrx induced stalled and collapsed replication forks, DNA damage and reduction of the progenitor pool leading to poor production of upper layer cortical neurons (Huh et al., 2016) . The human ATRX gene is mutated as the cause of the α-thalassemia mental retardation X-linked syndrome (ATR-X syndrome), a disorder encompassing severe ID, α-thalassemia and facial as well as urogenital abnormalities (Gibbons, 2006; Gibbons et al., 1995; Gibbons et al., 2008) . Similarly, Brg1 was found to be critical for progenitor growth, and this was associated with the inclusion of specific subunits within the complex. The switch from proliferation to terminal differentiation was associated with a change from Brg/Brm interactions with Baf45a/53a subunits in progenitor cells to use of the Baf45b/Baf45c/Baf53b subunits in post-mitotic neurons (Lessard et al., 2007) . In another study, competition between the Baf155 and Baf170 subunits was shown to mediate intermediate progenitor cell production and late born cortical neuron output (Tuoc et al., 2013) . Indeed, mutations in the genes encoding BRG1 (SMARCA4 1 ), BRM (SMARCA2), BAF47 (SMARCB1) and BAF57 (SMARCE1) subunits have all been implicated in overlapping ID disorders (Table 1) . The CHD proteins Chd3, Chd4, and Chd5 also display differential expression that is critical for the function of NuRD chromatin remodeling complexes during cortical development. The deletion of Chd4 alone resulted in microcephaly and defects in cortical lamination which were not seen in Chd3 or Chd5 mutants which are expressed at a later developmental stage than Chd4 and were required for migration of newborn neurons (Nitarska et al., 2016) . While CHD3, 4, or 5 have not been implicated in ID yet, mutations in CHD2, 7, and 8 are associated with NDDs (Fahrner and Bjornsson, 2014; Kleefstra et al., 2014) . The Ino80 family is also implicated in NDDs by the identification of SRCAP mutations as the cause of Floating Harbor syndrome (Hood et al., 2012) . Collectively, there is a strong link between chromatin remodeling and intellectual disorders and, as discussed below, the ISWI family has recently been added to this growing list.
3. ISWI protein family, interacting proteins, and biochemical properties 3.1. Structure of the ISWI protein family
The ISWI protein was originally purified from Drosophila as the ATPase motor of the nucleosome remodeling factor (NURF) complex (Aihara et al., 1998; Lazzaro and Picketts, 2001) . In humans, the two genes span~80 kb comprising 24 exons, with SMARCA5 on chromosome 4, and SMARCA1 located on the X chromosome but also containing an extra small exon (exon 13) that functions to disrupt remodeling activity when incorporated (Aihara et al., 1998; Barak et al., 2004; Lazzaro and Picketts, 2001; Lazzaro et al., 2008) . The ISWI remodelers contain two key domains ( Fig. 1) , an N-terminal catalytic ATPase domain which also mediates DNA interactions, and a C-terminal HAND-SANT-SLIDE (HSS) domain, responsible for extranucleosomal DNA binding as well as H4 tail interactions (Alkhatib and Landry, 2011; Clapier et al., 2001; Grune et al., 2003; Toto et al., 2014) . Further specificity for ISWI remodeling is mediated by two additional autoregulatory motifs AutoN and NegC that lie adjacent to the ATPase domain (Clapier and Cairns, 2012) . In mammals, SNF2H protein levels are abundant and widespread whereas SNF2L protein expression is more tissue restricted and often less abundant (Barak et al., 2004; Eckey et al., 2012; Lazzaro and Picketts, 2001; Ye et al., 2009 ).
ISWI-containing complexes
ISWI-containing chromatin remodeling complexes were identified in three different complexes from Drosophila: NURF, ACF (ATP-utilizing chromatin assembly and remodeling factor), and CHRAC (chromatin assembly complex) (Ito et al., 1997; VargaWeisz et al., 1997) . These ISWI complexes are conserved in other species (Barak et al., 2003; Bochar et al., 2000; Guschin et al., 2000; LeRoy et al., 2000; Poot et al., 2000; Tsukiyama et al., 1999) , and five additional novel complexes have been identified in mammals, RSF (remodeling and spacing factor), NoRC (nucleolar remodeling complex), WICH (WSTF-ISWI chromatin remodeling complex), CERF (CECR2-1 SMARCA4 is an acronym for SWI/SNF-related, Matrix-associated, Actin-dependent Regulator of Chromatin, subfamily A, member 4. Additional subfamilies B-E also exist.
2 Note that throughout the text, SMARCA1/SNF2L and SMARCA5/SNF2H are used to refer to the human or mammalian gene/protein. Smarca1/Snf2l and Smarca5/Snf2h is used specifically for mouse. ISWI/ISWI is used as a collective term when referring to both mammalian genes/proteins.
containing remodeling factor), and SNF2H-cohesin (Bozhenok et al., 2002; Hakimi et al., 2002; LeRoy et al., 1998; Strohner et al., 2001; Banting et al., 2005) . Of note, six of the 8 mammalian complexes purified to homogeneity contain SNF2H, while only two contain SNF2L. A recent study has drawn into question the exclusivity of these complexes to SNF2H or SNF2L, as they found that both ATPases co-purified with all interactors (Oppikofer et al., 2017) . As highlighted in Table 2 and Fig. 1 , ISWI complexes are typically heterodimers of an ISWI protein (SNF2H or SNF2L) and a protein containing a BAZ (bromodomain adjacent to zinc finger) domain that are either a member of thẽ 180 kDa BAZ transcription family (BAZ1A/ACF1, BAZ1B/WSTF, and BAZ2A/Tip5) or closely related (RSF1/RSF-1 and BPTF/BPTF). In addition to BAZ domains, most of these partner proteins also include AT hooks and/or DDT domains that are thought to facilitate DNA binding (Doerks et al., 2001) . The PHD zinc finger domain within BPTF has been shown to interact with the histone H3K4me3 modification (Li et al., 2006; Wysocka et al., 2006) . Biochemical studies indicate that ISWI protein complexes hold a central role in numerous cellular processes including widespread roles in remodeling of nucleosome arrays and nucleosome free regions (NFRs) to regulate gene expression (Kwon et al., 2016; Qiu et al., 2015; Wiechens et al., 2016; Ye et al., 2012) , establishment and replication of heterochromatin (Culver-Cochran and Chadwick, 2013; Guetg et al., 2010; Hanai et al., 2008) , DNA repair (Atsumi et al., 2015; Barnett and Krebs, 2011; Dowdle et al., 2013; Kubota et al., 2016; Lan et al., 2010) , and coordination of rRNA gene expression (reviewed in Erdel and Rippe, 2011) . Here, we highlight how these functions can impact neural progenitor cell function.
ISWI complexes and progenitor cell homeostasis
Upon differentiation, many genes are heterochromatinized, thus requiring regularly spaced nucleosomes for higher order compaction. The ACF1 complex is involved in general nucleosome assembly, while RSF1 assembles centromeric chromatin and NoRC mediates heterochromatin formation to silence rDNA repeats (Fyodorov et (Gibbons, 2006; Gibbons et al., 1995) 
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Bptf/Bptf; Rbbp7/RbAp46; Rbbp4/RbAp48 Perpelescu et al., 2009) . Mutations in Drosophila ISWI or Nurf301(BPTF) both result in decreased histone H1 levels and a general decondensation of the male X chromosome (Badenhorst et al., 2002; Deuring et al., 2000) . Taken together, ISWI-mediated nucleosome spacing and histone H1 deposition promotes gene repression and higher order chromatin structures, likely representing a key role for these proteins in the transition from a progenitor to a differentiated cell fate. ISWI proteins also regulate transcription through the maintenance of NFRs. In Drosophila, ISWI genome-wide binding data demonstrated that the protein is located in genic and intergenic regions with peak binding~300 bp downstream of the TSS where it helps position the distal nucleosomes (Sala et al., 2011) . In yeast, Isw2 binds near promoter regions to move nucleosomes close to NFRs and repress the generation of both coding and non-coding transcripts (Whitehouse et al., 2007; Zentner et al., 2013) . The Isw1b complex is recruited to H36me3 marks in gene bodies where it reassembles chromatin over the coding regions after transcription (Maltby et al., 2012; Morillon et al., 2003) . Genome-wide binding studies of SNF2H and SNF2L have indicated that the mammalian homologs have maintained the binding profile near the TSS and at a large number of genes, where they generate positioned nucleosomes. SNF2H seems to be particularly adept at positioning nucleosomes adjacent to CTCF binding sites and its depletion reduces organization distal to the +3 nucleosome (Morris et al., 2014; Wiechens et al., 2016) . Importantly, depletion of ACF1, RSF-1, WSTF, or TIP5 had minimal effects compared to SNF2H depletion suggesting that there may be some functional redundancy amongst the different complexes (Wiechens et al., 2016) . In contrast, SNF2L has a minor effect on nucleosome positioning at CTCF binding sites but shows small reductions in nucleosome occupancy proximal to other transcription factor binding sites (Wiechens et al., 2016) . In this regard, other studies have shown that the NURF complex interacts with TFs to regulate target gene expression (Barak et al., 2003; Kwon et al., 2016; Landry et al., 2008; Lazzaro et al., 2006; Mayes et al., 2016; Qiu et al., 2015; Richart et al., 2016) . Thus, ISWI proteins likely promote the establishment of gene expression programs in neural progenitors through TF recruitment and maintenance of NFRs.
Defective progenitor proliferation can also impact neuronal output. The ACF and WICH complexes are important for replication through heterochromatin during S-phase, with ACF acting to establish an open chromatin structure downstream of the replication fork and WICH important for chromatin assembly of newly replicated DNA (Collins et al., 2002; Poot et al., 2004) . Consistent with a role in growth control, mutation of Smarca5 in mice results in reduced growth and pre-implantation lethality (Stopka and Skoultchi, 2003) . These studies stress the importance of Snf2h complexes for proliferation and it could explain the high levels of Snf2h observed in the progenitors of the developing forebrain (Lazzaro and Picketts, 2001 ). The ISWI proteins therefore regulate proliferation, transcription and chromatin structure and in the following sections we review how these biochemical functions impact brain development.
Smarca1 and Smarca5 inactivation has distinct effects on brain development in mice
Smarca1 and Smarca5 demonstrate complementary expression patterns, both temporally and spatially. Smarca5 is ubiquitous throughout the organism but most highly expressed in the brain, whereas Smarca1 is expressed at lower levels in most tissues and only readily detected in neural tissue, as well as gonads and placenta (Alvarez-Saavedra et al., 2014; Barak et al., 2004; Lazzaro and Picketts, 2001 ). In situ hybridization analysis of Smarca5 transcripts reveals a prominent earlydevelopmental role for Snf2h in the brain in particular; by E13.5 there is enhanced Smarca1/Snf2h expression in the neocortex and cerebellum with moderate expression throughout the embryo (Alvarez-Saavedra et al., 2014; Lazzaro and Picketts, 2001) . Temporally, Smarca1 transcript remains lower than Smarca5 until the postnatal period where levels increase as shown at P18 where it is enriched in the hippocampus and cerebellum compared to Smarca5 (Fig. 2) (Alvarez-Saavedra et al., 2014; Lazzaro and Picketts, 2001 ). These distinct expression patterns reveal an underlying role for both ISWI proteins in the developing brain; Snf2h is enriched in actively proliferating progenitor cells, while Snf2l is elevated in terminally differentiated cells. Fig. 2 . Bptf expression overlaps with Smarca1 and Smarca2 expression. Adjacent sagittal sections from P7 (left column) and P18 (right column) wild type brains were used for in situ hybridization analysis with radiolabeled probes for Smarca1 (top row), Bptf (middle row), or Smarca5 (bottom row). Dark field images are shown and were prepared as described in Lazzaro and Picketts (2001) , where antisense control images can also be found. Note that Bptf shows overlapping expression with Smarca5/Snf2h in granule neuron precursors at P7 and with Smarca1/Snf2l in differentiated forebrain (P7) and cerebellar granule neurons (P18). Cb, cerebellum; Cc, cerebral cortex; Hp, hippocampus.
Inactivation of the Smarca1 gene results in mice with increased brain size
Purification of the human NURF complex indicated that it was enriched in brain and that overexpression of SMARCA1/SNF2L could promote differentiation in a neuroblastoma cell line (Barak et al., 2003) . The role of Smarca1 in murine brain development was investigated using the targeted deletion of exon 6 (Ex6DEL), which encodes the ATP-binding domain (Yip et al., 2012) . The caveat to this model is that the targeting event resulted in a truncated Snf2l protein product that cannot bind ATP and presumably is unable to remodel chromatin (although that was not tested). While aberrant protein could potentially function in a dominant negative or gain-of-function manner, heterozygotes showed no phenotype, suggesting that the Ex6DEL mutation resulted in a loss of function allele. Nonetheless, generation and analysis of a complete null allele should be considered in the future.
Ex6DEL mice were healthy, fertile, born at normal Mendelian ratios, and showed no overt phenotypes or impairment in behavior tests (Yip et al., 2012) . However, the mice had noticeably larger heads and a 1.4-fold increase in the brain:body mass ratio with increased cell density and thickness in the cortex. Cell cycle kinetics experiments demonstrated that intermediate progenitor cell (IPC) proliferation increased. The increased IPC proliferation delayed the timing of neuronal differentiation and resulted in greater neuronal output. Gene profiling at E15.5 identified an increased level of Foxg1, a homeobox transcription factor critical for IPC proliferation and control of the timing of neurogenesis (Kumamoto et al., 2013; Martynoga et al., 2005; Yip et al., 2012) . Indeed, Snf2l binds to the promoter of the Foxg1 gene at midneurogenesis, presumably to dampen expression and promote differentiation. Remarkably, IPC proliferation could be reduced and brain size rescued by removing one copy of Foxg1 in the Ex6DEL animals (Yip et al., 2012) . These studies further support a role for Snf2l in controlling the transition of a proliferating progenitor to a differentiated neuron.
Deletion of the Smarca5 gene in mice impairs cerebellar growth
A key role for Smarca5/Snf2h in stem cell and progenitor cell populations was confirmed in Smarca5 knockout (KO) mice which showed embryonic lethality just after implantation (E5.5-E7.5), defective growth of blastocysts isolated at E3.5, and enhanced death of hematopoietic progenitors and HeLa cells following siRNA knockdown (Eckey et al., 2012; Stopka and Skoultchi, 2003) . In order to study in vivo effects of Snf2h loss on brain development, Smarca5 conditional KO (Snf2h cKO-Nes) mice were generated using a Nestin-Cre driver (active by E11.5) to excise the floxed exon encoding the ATP-binding domain (Alvarez-Saavedra et al., 2014). Snf2h cKO-Nes mice were born at normal Mendelian ratios, but displayed pronounced ataxia, failed to gain weight beyond~P14 and died by P42 (Alvarez-Saavedra et al., 2014). Brains isolated from these animals were reduced in size, with striking cerebellar hypoplasia. The forebrain showed a modest size difference which was attributed to late onset and mosaic expression of the Nestin-Cre driver line in forebrain progenitors (Alvarez-Saavedra et al., 2014; Liang et al., 2012) . Nonetheless, proportions of cycling, mitotic, and S-phase cells were specifically reduced in the postnatal external granule cell layer within the cerebella of Snf2h cKO-Nes mice indicating that Snf2h is critical for granule neuron progenitor (GNP) expansion. The proliferation defects coincided with a dramatic increase in cell death, as shown by an increased number of TUNEL+ cells at E17 and P0 relative to controls. Purkinje neurons were abundant but were highly disorganized and showed poor dendritic arborization. Not surprisingly, these animals performed poorly on motor function tests.
At the molecular level, transmission electron microscopy imaging revealed densely stained clumps within the euchromatin, a dispersed nucleolar region, chromatin loops, and other structures indicative of disorganized chromatin structure. Immunoblots showed that histone H1 was also reduced, consistent with findings in Drosophila Iswi mutants (Deuring et al., 2000) . Array hybridization of RNA isolated from mutant and control cerebella identified 110 genes differentially expressed at P0 that increased to 2916 transcripts by P10. Multiple TFs important for GNP expansion (Rfx3, Math1, Pax6, En1, and En2) were altered at P0 and remained downregulated at P10. However, an unexpected increase in En1 and Smarca1 expression at P10 suggested that Snf2l could compensate for Snf2h loss at later times. Indeed, Snf2h and Snf2l were shown to bind to the same region on the En1 promoter and a reduction in one copy of Smarca1 resulted in a more severe phenotype. The characterization of Snf2h cKO-Nes mice demonstrated a role for Snf2h in growth, chromatin organization and the establishment of cerebellar gene expression profiles within GNPs. Unpublished studies from our laboratory using an Emx1-Cre driver to delete Smarca5 in forebrain progenitors show similar effects with a reduction in cortical size, reduced IPC numbers and Foxg1 levels, raising the possibility that the two ISWI proteins regulate similar target genes with differing outcomes (Picketts, unpublished). Collectively, the Smarca1 and Smarca5 KO mice studies demonstrate a critical role for ISWI chromatin remodeling in regulating the transition from progenitor proliferation to differentiation in the development of multiple brain regions.
Dissecting the contributions of individual complexes to brain development
A caveat of inactivating the genes encoding Snf2h or Snf2l is that you ablate the activity of multiple remodeling complexes simultaneously. For example, the reduced proliferation of Snf2h-deficient progenitors could be attributed to ineffective repair of double strand breaks induced via replication stress and the result of the loss of ACF or WICH complexes, while reduced levels of histone H1 and decompaction of the nucleolus could arise from loss of NURF and NoRC, respectively. One way to begin to ascribe specific roles to each complex is to inactivate the genes encoding the partner proteins, although this could also be misleading as they likely have ISWI-independent functions too. Another potentially confounding problem is functional redundancy and whether different factors can substitute for those lost. In this regard, deletion of Smarca5 in cerebellar progenitors resulted in the 2.3 fold upregulation of Smarca1 by P10 and the recovery of En1 expression, certainly alleviating phenotypic severity (Alvarez-Saavedra et al., 2014) . Similarly, could Baz1a/Acf1, which is expressed at low levels in the brain be upregulated and compensate for loss of Baz1b/Wstf? While studies have detailed Smarca1 and Smarca5 expression profiles in the brain, a similar analysis has not been performed for all other genes encoding partner proteins. In this section we review studies characterizing mouse mutants for different partner proteins including Bptf, Acf1, Wstf, and Cecr2, which are also summarized in Table 3 .
The inactivation of the gene for the largest subunit of the NURF complex, Bptf, resulted in embryonic lethality shortly after implantation with embryos resorbed by E8.5, which is similar to the early lethality observed for Smarca5 KO animals (Goller et al., 2008; Landry et al., 2008) . Analysis at earlier embryonic times suggests the Bptf-null mice fail to develop a functional distal visceral endoderm (Landry et al., 2008) . Brain-specific inactivation has not been performed but deletion of Bptf in mammary stem cells (MaSCs), melanoblasts, or hematopoietic progenitors results in a block in terminal differentiation of mammary epithelial cells, melanocytes, and thymocytes, respectively (Frey et al., 2017; Koludrovic et al., 2015; Landry et al., 2011) . In MaSCs and melanoblasts there was also a proliferative defect, as self-renewal was impaired in MaSCs while fewer transit-amplifying cells were detected in melanocyte development.
Early studies investigating the neocortex of patients with Alzheimer's disease uncovered the BPTF isoform FAC1, encoding a 100 kDa BPTF splice variant which may be involved both in neurogenesis and neurodegeneration (Bowser et al., 1995; Mu et al., 1997; Xiao et al., 2001 ). Moreover, in situ hybridization for Bptf suggests that the Bptf protein may be able to function in complex with both Snf2h and Snf2l as it is abundantly co-expressed in the GNPs at P7 with Smarca5 and in granule neurons at P18 with Smarca1 (Fig. 2) . Indeed, many studies have identified specific protein interactions with Bptf and NURF that regulate chromatin dynamics and nucleosome free regions at promoters, enhancers, and boundary elements that are critical for lineage differentiation (Frey et al., 2017; Koludrovic et al., 2015; Landry et al., 2008; Landry et al., 2011; Lazzaro et al., 2006; Qiu et al., 2015; Richart et al., 2016; Wysocka et al., 2006) . More work in this area with brain-specific Cre drivers is necessary to help delineate more specific roles for NURF during brain development.
Two different Acf1 mutant lines have been generated, a deletion of exon 6 and a complete null allele (Dowdle et al., 2013; Zaghlool et al., 2016) . Both studies indicated that the mice were viable and that there was male-specific sterility associated with Acf1 loss. Acf1 is most abundantly expressed in testes and while it has low expression in the brain, RNAseq analysis of brain tissues from Acf1 knockout mice showed altered expression in 287 genes categorized with an enrichment for the gene ontology terms "synaptic plasticity", "neurological system process", and "ensheathment of neurons" (Zaghlool et al., 2016) . One differentially expressed gene was Syngap1 which is mutated in ID and epilepsy (Berryer et al., 2013) . Surprisingly, this study did not fully characterize the brain phenotype in these mice choosing only to assess gene expression differences. One intriguing question is whether there is a limited brain phenotype in Acf1 mutant mice because of functional redundancy by Wstf or Cecr2. Like Acf1, Cecr2 has been reported to interact with Snf2h in testes to form a functional complex, thereby making it a good candidate for functional compensation (Thompson et al., 2012) . Cecr2 is most enriched in neural cells that have exited the cell cycle and have begun to differentiate (Thompson et al., 2012) . Two different gene trap Cecr2 mutants have been described and these animals present with neural tube defects with partial penetrance of facial clefts and exencephaly (Banting et al., 2005; Fairbridge et al., 2010) . Similar to Cecr2 mutants, morpholino knockdown of WSTF in Xenopus resulted in neural crest migration defects that affected craniofacial development and was attributed to altered BMP4 and Shh signalling (Barnett et al., 2012) . Some phenotypic overlap with ISWI morpholino knockdown in Xenopus suggests that craniofacial and eye development may depend upon a functional WICH complex (Dirscherl et al., 2005) . On the other hand, the WSTF gene falls within the critical region deleted in Williams syndrome (discussed below) and thus is a strong candidate to regulate brain development. Although Wstf-null mice have not been reported yet, a screen for genetic modifiers of transgene variegation identified several modifiers including Smarca5 and Wstf (Ashe et al., 2008; Chong et al., 2007) . Importantly, mice homozygous for a Wstf missense mutation in exon 7 were significantly smaller at weaning and had features of Williams syndrome (discussed in Section 6) (Ashe et al., 2008) .
Overall, further analysis of mouse mutants corresponding to ISWI interacting proteins should continue to increase our understanding of the specific roles of these complexes in brain development. Some consideration should also be made to proteomic studies that identify the spatial and temporal expression of individual complexes, as these may be subject to change, thereby adding another layer of complexity to the role of ISWI interacting proteins in development.
Involvement of ISWI proteins in human NDDs

Whole exome sequencing identifies Smarca1 variants in NDDs
The implication of other ATP-dependent chromatin remodeling proteins in NDDs suggests that mutations within the mammalian ISWI genes are also likely to be causative, particularly the X-linked gene SMARCA1. Initial mutation studies screening families whose ID was linked to Xq25-26 and encompassed the SMARCA1 gene failed to identify alterations (Lazzaro et al., 2008) . However, recent advances in whole exome and full genome sequencing have facilitated mutational screening of patients resulting in an explosion of newly identified NDD disease genes. When whole exome sequencing was applied to 128 families containing neurodevelopmental disorders, a hemizygous deletion of SMARCA1 was found in a patient displaying microcephaly and ID (Karaca et al., 2015) . In another study, a patient with Rett syndrome who did not harbor a MECP2 mutation was found to have a SMARCA1/ SNF2L G966V de novo variation with no other reported mutations (Lopes et al., 2016) . Finally, in a screen of individuals with neuropsychiatric disorders a deleterious de novo SMARCA1/SNF2L V384M variant was identified and deemed potentially causative in a single family with schizophrenia (Homann et al., 2016) . Importantly, this V384M variant segregated with the four affected siblings. Collectively, these studies indicate the involvement of SMARCA1 in NDDs and the identification of additional families is imminent given the broad scope of disorders involved. However, it should also be noted that these variants should be tested for their impact on chromatin remodeling activity and interactions within specific complexes. Given that many of the genes encoding ISWI interacting proteins reside on autosomes, we may see additional NDDs caused by mutations in these genes as more and more rare disorders are characterized by whole genome sequencing strategies.
Contribution of WICH complex to the phenotype of Williams-Beuren syndrome
Williams-Beuren syndrome involves a hereditary, autosomal dominant deletion of 17-28 genes on chromosome 7, one of which is the BAZ1B gene encoding WSTF, a WICH complex subunit (Barnett and Krebs, 2011; Culver-Cochran and Chadwick, 2013; Cus et al., 2006; Fusco et al., 2014; Meng et al., 1998) . Loss of this nearly 1.3 Mb section of the chromosome results in ID, motor defects and dysmorphic facial features (Cus et al., 2006; Fusco et al., 2014) . While the deletion range in these patients can be immensely variable, a genetic screen of a small number of patients revealed that those who retained the BAZ1B gene were spared facial dysmorphisms (Fusco et al., 2014) . The importance of Wstf during development is highlighted in a study conducted through random mutant generation in mice, uncovering a Wstf L733R point mutant (MommeD10) in a highly conserved region within exon 7, which was reported to result in perinatal lethality in mice with few homozygous offspring surviving until weaning (Ashe et al., 2008) . Interestingly, this point mutant alone produced craniofacial abnormalities reminiscent of those observed in Williams-Beuren syndrome patients, such as large foreheads and small, flat noses (Ashe et al., 2008) . Similar findings were also observed in morpholino knockdown of WSTF in Xenopus where there was a defect in the migration of neural crest cells that led to abnormal craniofacial development that included a misshapen forehead, and deformities in and around the cement gland that develops into the olfactory organs and mouth (Barnett et al., 2012) . Taken together, these findings establish a critical role for WICH in early development of the nervous system and viability. One other study of note showed that the WICH complex and more specifically the Baz1b gene is upregulated in the nucleus accumbens (NAc) following treatment with two distinct emotional stimuli (Sun et al., 2016) . Animals that were able to avoid depression-related behaviors after enduring a chronic social defeat stress showed an elevated level of Baz1b in the NAc, a key brain reward region. Baz1b was also upregulated in chronic cocaine-treated mice and in mice overexpressing Baz1b and Smarca5 there was increased preference for cocaine selfadministration (Sun et al., 2016) . Additional studies are required to delineate how these emotional stimuli responses in mice relate to behavioral phenotypes in Williams-Beurens syndrome patients.
6.3. Cat eye syndrome and a potential role for CECR2 CECR2 was identified in a search for genes that lie within the region of chromosome 22 that is duplicated and potentially causative of Cat eye syndrome (Footz et al., 2001) . Cat eye syndrome is a rare disorder which presents clinically with intellectual disability, cardiac and renal defects and characteristic facial features (Footz et al., 2001) . While the contribution of CECR2 in Cat eye syndrome is not clear, mouse gene trap studies have indicated a crucial role for Cecr2 and the Cerf complex in neurulation and transcriptional regulation of genes involved in embryonic and post-natal brain development (Banting et al., 2005; Fairbridge et al., 2010) .
ISWI dysregulation of Wnt pathways as a disease mechanism
A popular theory explaining the onset of schizophrenia points to improper neurodevelopment as a potential major causative factor. In fact, post-mortem studies of affected patients have robustly demonstrated deregulated neuronal output, differentiation and maturation throughout the mature brain (Cotter et al., 1998) . Evidence has also suggested that the deregulated neurodevelopment suspected in schizophrenia patients may stem from improper Wnt signalling pathways and their downstream effectors (Cotter et al., 1998; Panaccione et al., 2013) . The various members of Wnt pathways play crucial roles in regulating the balance between cell expansion and differentiation, and have particular importance in neurodevelopment (Panaccione et al., 2013) . Interestingly, there appear to be numerous intersections between the non-catalytic subunits of ISWI complexes and Wnt signalling pathways, indicating potential points of control for these subunits in regulating proper Wnt activity throughout neurogenesis and neurodevelopment.
The co-localization of Wstf with Wnt-4 signalling and its upstream effector Frizzled 3 receptor (Frz-3) in the later-stage midbrain, as well as their simultaneous expression in the neural tube, suggest a potential regulation of Wstf by Wnt-4 (Cus et al., 2006) . Work in Drosophila models has also reported Nurf involvement in the Wingless (Wnt) and Notch signalling pathways (Alkhatib and Landry, 2011) . It would appear that Acf and the Wnt pathways are intimately tied together (Liu et al., 2008) . Loss of Acf1 or ISWI in Drosophila cells resulted in an abnormal increase of expression of Wnt targets such as Notum, homothorax, and naked cuticle (nkd) (Liu et al., 2008) . While Acf1 and ISWI had relatively distinct binding patterns along these targets, Iswi interactions more closely resembled those of Tcf, DNA binding proteins responsible for gene activation downstream of β-catenin, indicating a likely recruiting role for Tcf within ISWI-specific remodeling at this locus (Liu et al., 2008) . Recently, a de novo variant in the BAZ1A/ACF1 gene was identified in a patient with intellectual disability, epilepsy, ataxia, and hyper mobile joints, while other studies demonstrated a role for ACF1 in the nucleus accumbens in major depressive disorder and cocaine addiction (Sun et al., 2015; Sun et al., 2017; Zaghlool et al., 2016) . Two additional related studies examining gene expression data of post-mortem tissue from the pre-frontal cortex of schizophrenic patients demonstrated that the disease signature of 153 patients included the robust up-regulation of the BAZ1A gene (Mistry et al., 2013a,b) .
Potential roles for Smarca5 as an ASD disease modifier
The phenotypes of Snf2h knockout mice also suggest it may function as a disease modifier of autism spectrum disorders. As described above, one variant in the SMARCA1 gene was identified in a patient with Rett syndrome, a classified ASD (Lopes et al., 2016) . However, it is interesting to point out two other tangible links to ASD arising in these mouse models. First, Snf2h Emx-Cre mutant mice show reduced Foxg1 levels, microcephaly, and partial agenesis of the corpus callosum (Picketts, unpublished). This phenotype is very similar to individuals with FOXG1 syndrome (formerly congenital variant Rett syndrome) caused by mutations or deletions of the FOXG1 gene (Florian et al., 2012) ; thus suggesting that mutations in SMARCA5 could represent another locus for this disorder, a related ASD, or as a modifier of disease severity. Moreover, a recent genomics study of neuronal cultures generated from induced pluripotent stem cells derived from ASD patients confirmed a dysregulation of FOXG1 and the profound effects of this imbalance to the increase of inhibitory GABAergic neurons, a possible underlying factor of ASD pathology (Mariani et al., 2015) . Second, Purkinje cell populations are reported to be greatly reduced and dysfunctional in ASD mouse models (Reeber et al., 2013) , and a cerebellar phenotype has been observed in Snf2h cKO-Nes knockout mice, resulting in ataxia and marked cognitive defects (Alvarez-Saavedra et al., 2014).
Future directions
The ability to remodel chromatin during development is critical to establish cell-specific gene expression programs, and the ISWI proteins SNF2H and SNF2L have distinct and overlapping roles in this process. Globally, different ISWI complexes have been shown to be important for mediating nucleosome positioning at all types of gene regulatory elements (e.g. promoters, enhancers, and insulators). These complexes interact at these sites with a wide range of different factors to regulate transcription, proliferation and differentiation. With the recent establishment of several animal models, it will be pertinent to perform whole genome analyses to determine the critical target genes that are misregulated and define the chromatin changes that contribute to the phenotypes. A more challenging goal will involve teasing out the specific roles of each complex given that there may be overlapping functions and that they may contain Snf2h or Snf2l at different times. A thorough characterization of expression of partner proteins in different brain regions combined with region-specific knockouts and/or compound mutants may help delineate complex-specific functions critical for brain development. Other evidence suggests that Smarca5 may be able to overcome the loss of Smarca1 and that Smarca1 is upregulated to help compensate for Smarca5 loss. To explore redundant versus unique functions of the two ISWI proteins it may be useful to engineer and characterize mice where Smarca1 is knocked into the Smarca5 locus, as well as the converse experiment. Similarly, it is not clear whether Snf2h or Snf2l are required for the maintenance of the chromatin landscape in mature neurons or for synaptic plasticity in response to the environment or in learning. Nonetheless, the identification of patients with mutations in genes encoding the ISWI proteins and their interacting partners provides strong rationale for the continued investigation into ISWI function in the brain with a future goal of identifying molecular pathways amenable to therapeutic strategies.
